In the letter the optimization of the experimental setup for photothermal beam deflection spectroscopy is performed by analyzing the influence of its geometrical parameters (detector and sample position, probe beam radius and its waist position etc) on the detected signal. Furthermore, the effects of the fluid's thermo-optical properties, for optimized geometrical configuration, on the measurement sensitivity and uncertainty determination of sample thermal properties is also studied. The examined sample is a recently developed CuFeInTe3 material. It is seen from the obtained results, that it is a complex problem to choose the proper geometrical configuration as well as sensing fluid to enhance the sensitivity of the method. A signal enhancement is observed at low modulation frequencies by placing the sample in acetonitrile (ACN), while at high modulation frequencies the sensitivity is higher for measurements made in air. respectively. It is seen, that the determined values agree well within the range of their measurement uncertainties for both cases, although the measurement uncertainty is two times lower for the measurements in ACN providing more accurate results. The analysis is performed by the use of recently developed theoretical description based on the complex geometrical optics. It is also shown, how the presented work fits into the current status of photothermal beam deflection spectroscopy.
Introduction
Thermal waves (ThWs) are an important tool for the thermal characterization of materials. They are generated when a material is exposed to periodic heating and can be detected either directly or indirectly, e.g. by studying the variations in the refractive index of a medium (gas or liquid) surround-ing the heated sample [1] and associated with temperature gradient. That can be performed by monitoring the intensity change of a narrow beam of light and is known as photothermal beam deflection spectroscopy (BDS) or mirage effect [2, 3] .
Material characterization by the use of BDS has become an important area of research in photothermal science for the past few decades. This includes the determination of thermooptical [4] , transport [5, 6] and structural [7] [8] [9] properties of transparent or opaque materials with dimen-sions ranging from macro-down to nano-scale. Decreasing the sample sizes coincides with demands of high sensitivity, which is also crucial in case of weakly absorbing samples [10] . Thus, many studies have been done on using different sensing fluids in which ThWs are induced and detected to increase the BDS signal [8] [9] [10] [11] and the sensitivity of this technique. In such a situation the enhancement factor is a function of the thermodynamic and optical properties of the sensing fluids, among which organic liquids are particularly useful for this purpose, because of their relatively high refractive index gradients and low thermal conductivities. Unfortunately, their use has some limitations, which have not been reported yet, but are of great importance when planning BDS experiment.
The present work is performed using a CuFeInTe3 semiconductor as a test sample. CuInTe3 is a direct gap semiconductor, with a band gap around Eg = 1 eV widely used as thermoelectric material in heat pumping and power generation devices [12, 13] . The performance of such materials is determined by their electrical and thermal properties and can be improved by introducing different metal dopants (such as Fe 2+ or In 2+ ) into matrix materials to produce (CuInTe2)1−x(FeTe)x alloys with decreased thermal and increased electrical conductivity [14] . Although the optical, electrical and magnetic properties are relatively well known [15] , the information about its thermal properties is not available, but are of great importance, since determine its thermoelectric efficiency [14, 16] . The study of the effects of fluid's thermo-optical proper-ties is combined with the geometrical optimization of the BDS experimental setup on determination of thermal properties (thermal diffusivity and thermal conductivity) of CuFeInTe3 semiconductor by BDS and multiparameter fitting of a theor etical model to the experimental data (BDS signal amplitude and phase) recorded over a wide range of modulation frequen-cies [17, 18] . The theoretical description is performed by the use of complex geometrical optics equations [17, 18] and takes into account the deflection of the probe beam on the refrac-tive index gradients and its phase change due to the change of its optical path. The last effect of probe beam interaction with ThWs is not included in the geometrical optics based theor etical model, that, due to its simplicity, is now widely used [1-6, 9-11].
Theory

Photodeflection signal
BDS is a photothermal technique in which an intensity-modulated light source (pump beam) excites the investigated sam-ple at its surface, as shown in figure 1.
Since the CuFeInTe 3 sample is optically opaque, it absorbs incident light at its surface. A fraction or rare cases all the absorbed energy is then converted to thermal energy initiat-ing the propagation of temperature oscillations (TOs), the so-called thermal waves (ThWs), which are causing the intensity changes of the laser probe beam that are measured by the posi-tion sensitive optical detector. The ThWs can be described by the heat diffusion equation [17, 18] :
Di ∂t where i denotes the medium in which TOs are induced (for sample i = s, for adjacent fluid i = f ) and D is the thermal diffusivity.
The parameters of our experiment were set in such a way to ensure the condition of probe beam radius being much smaller than pump beam radius what allows the application of 1D theoretical description. Furthermore, the heat flux and temperature at surfaces z = 0 and z = l were assumed to be constant. The temperature rise of the sample caused by illumination by the pump beam is a fraction of Kelvin, thus, both the heat convection and radiation can be considered negligible. Furthermore, the carrier contribution can be also considered negligible since we are dealing with a semiconductor of small direct band gap (0.91 eV) [19] [20] [21] . In such a situation, the recombination lifetime is very short (~10 s ns if the analysis is performed by the use of ThWs determined in [18] ) and the carrier contribution can be neglected in low and intermediate frequencies range [20, 21] . Additionally, it was demonstrated that, the conductivity of CuFeInTe 3 material presents metallic behavior [19] . Finally we considered the sample is thermally thick. In such a situation, the boundary conditions for equa-tion (1), defined as temperature and heat flux continuity at the fluid-sample interface, have the form:
(2d ) where k s and k f are the sample's and fluid's thermal conductivity, respectively. The solution of equation (1) with boundary conditions described by equations (2a)-(2d) then has the form:
Df where z 0 is the distance between the sample's surface and the probe beam axis, b f is the amplitude of the temperature disturbance, φ f is the phase shift between the sample's surface temperature and pump beam irradiation, expressed by: 
where q 0 is the average energy flux that impinges on the illuminated sample's surface, G is the modulation depth of the energy flux and l is the sample's thickness. ThWs spread within the sample and within adjacent fluid over the sample to the distance determined by thermal diffusion length μ th = (D f /πf )
, which is a function of modulation frequency f of the excitation beam and the thermal diffusivity of the medium in which TOs are induced. The TOs cause change in the refractive index, as well as its gradient in the optically heated region. These changes are probed by a second laser beam called the probe beam (PB) and lead to its deflection on the thermal gradient which is reflected in the change of PB's trajectory z 1 [17, 18] : The change in the fluid's refractive index and its gradient, caused by TOs, leads to the change in PB's optical path and finally to the change in the PB phase:
The PB intensity changes caused by its interaction with TOs result in photodeflection (PD) signal that in case of detection by the use of a quadrant photodiode (QP) is given by:
= APD cos (Ωt + ϕf + ϕPD).
Here K d is the detector's constant, k is the wave number of PB and I 0 is the light intensity of undisturbed PB. The BDS signal strongly depends not only on the geometrical parameters of the experimental setup such as the radius of the PB, its waist position, sample and detector position [17, 18] but also on the properties of fluid in which the thermal waves are induced and detected [10, 11] . Since the thickness of examined sample are of the order of hundreds µm, the condition of µ th l must be ensured. This requires the use of modulation frequency of the order of kHz. With the increase in f the length of ThWs becomes shorter, what leads to decrease in BDS signal. Thus, the measuring system must be optimized to ensure the required sensitivity.
Geometrical optimization
The influence of the experimental parameters on the BDS signal for different fluids of thermal waves propagation is performed The value of λ th is determined by the value of the modulation frequency of the excitation beam f according to the formula:
where D f is the thermal diffusivity of the medium, that further determines the depth of the thermal waves penetration into the examined sample (as mentioned before).
In case of detection performed in gasses as air or helium the length of ThWs is quite long (around 150 µm for f = 1 kHz) comparing to the PB radius, that is typically around µm. In such a situation the PB senses a smooth variation of ThWs across its diameter and is disturbed by only a part of ThWs, which changes in amplitude are not significant across the PB radius, thus do not lead to high changes in the PB intensity and consequently BDS signal (figure 2(a)). The observed increase in BDS signal with increase in a/λ th ratio is the consequence of widening the PB radius in the region of its interaction with ThWs and thus being disturbed by the larger variation of ThWs amplitude. This disturbance become the stronger the wider PB is, till the maximum of the signal is reached. Then the PB width becomes larger than the ) it is also seen, that the BDS signal is very sensitive for a changes. A small increase in that value may lead to its sudden jump or drop. It must be also stated, that the value of BDS signal in its minimum is still much higher than the maximum of it for the case of ThWs detection in air or He.
In figure 3 the BDS dependence on the probe beam waist position L is presented for the detector position zD = 0.3 m. It is seen that a drop in the signal is observed when the PB waist is over the detector, whereas for its position a bit before or after the detector plane an increase in the amplitude of the signal is observed. For the calculation the sample was placed 0.02 m from the input of the experimental setup. It means that for the position of L over the sample (the typically used con-figuration) the BDS signal reaches its minimum value. The better performance of BDS experiment is obtained, when the position of the probe beam waist is near to the detector plane.
The change in a value and the shift of L can be easily achieved by the use of lenses with different focal lengths. In standard description there are introduced some significations For small values of focal length the beam is strongly the beam incident on the lens and additionally its waist is in focused in the waist and over the sample, whereas in detector the point of lens position (x = 0), then a and L for focal length plane reaches its maximum value. To increase PB focusing f L of that lens can be written in a form [22] : over the sample a s , it should be moved closer to the input.
Lenses with larger fL are unable to focus the beam in all ana-
lyzed cases, thus the change of fL influences the value of aL,
(9) a D and a s only in its limited range.
The PB radius a is a function of x-ray coordinate and is In the next step the influence of PB focusing on the BDS was performed (figure 5) by the use of equations (7) and (9) . expressed by
The results presented in figure 5 show, that the increase in
(10) f L leads to increase in the value of BDS signal to its maximum value, then a slight drop of it is observed, after which the sig- Figure 4 presents the PB radius a dependence on focal nal gets saturated. The saturation occurs for such values of fL, length f L of the input lens using equations (9) and (10) . The for which no changes in the PB radius with f L are observed Figure 7 presents the BDS signal dependence on the sam-ple position zl, that is defined as the distance from the input lens of the experimental setup to the place, where the sample is mounted. Generally, for a/λth 1 (detection performed in gas) the signal decreases with the increase in zl. For the case of a/λth ~ 1 (detection performed in liquids) there are ranges of zl changes in which the singal decreases with zl and ranges in which the signal increases with it. It results from the fact, that with the changes of zl, the width of PB changes, what causes the rays of PB to undergo the ThWs with different phases, that further leads to phase shifts of PB rays. Because of that the signals from QP are then also in different phases, they may interfere both positively and negatively and thus enhance or suppress the BDS signal, causing its increasing or decreasing.
It is seen from the presented results, that when planning the BDS measurements the experimental setup must be optim ized in respect to the values of its geometrical parameters to enhance the sensitivity of the technique. On the other side, these dependencies are strongly influenced by the kind of sensing fluid used in the experiments. Thus, the analysis of fluid properties influence on the BDS signal enhancement needs to be performed for the optimized geometrical configu-ration of the experimental setup.
Enhancement factor
The QP converts the PB intensity changes into an output volt age and the change of the signal V relative to the DC level V can be written as:
(11) V I0 The PB intensity distribution in the detector plane (x D ) after its interaction with TOs is expressed by:
where a 1 (x D ) is the correction to the PB amplitude resulting from its deflection on refractive index gradient (equation (5)). On the basis of equation (12) the contribution of PB's inten-sity change caused by its deflection on refractive index gradi-ent and the phase change caused by the change in PB's optical path can be written as a sum of two components:
(xD); (13) which gives us equation (11) in the form:
Im π Hence 2 fm
where a is the radius of PB in its waist position L, the quantity defined as zR = ka 2 n0 is called the Rayleigh length, Pl is the total power of undisturbed PB and SPD is given by equa-tion (7). The sensitivity of the system is strongly dependent not only on the geometrical parameters of the experimental setup (a, L, x D , z 0 ), but also on the thermo-optical (D f , k f , dn/dT) properties of the medium in which the TOs are induced and probed. This dependence can be seen from the expression for the beam deflection signal SPD in which the fluid's thermal diffusivity, conductivity and temperature coefficient of refractive index are included through equations (4)- (6) . Thus, by proper choice of fluid we can increase the detected signal. In the first step, the numerical analysis of the BDS enhancement, described by equation (15) , with respect to the D f , k f and dn/dT was performed. For k f and dn/dT the discussed relation is quite simple, namely the BDS signal increases linearly with the increase in temperature coefficient of refractive index and decreases with the increase in fluid's thermal conductivity, whereas in case of fluid's thermal diffusivity the signal relation is modulation frequency dependent (figure 8).
It is seen from figure 8 , that for some range of f the BDS signal increases with the increase in D f , reaching its maximum value, then starts to decrease with further increase in D f . The thermal diffusion length μ th is a parameter that determines how deep TOs penetrates into the medium.
Calculating the value of μ th for the maximum value of the BDS signal in different fluids (different thermal diffusivities), it was found, that for any modulation frequency the maximum signal for the given experimental configuration is obtained at μ th ≅ 40 µm (figure 8) which is the same as the height of PB over the sam-ple's surface z 0 for which the numerical simulation, presented in figure 8 , was plotted. This behavior was also confirmed experimentally and can be observed in figure 10 of the next section. Taking into account the values of PB radius, that was set to be about 39 µm (by proper lensing) in the region of PB interaction with ThWs, it was concluded, that as long as μth is of such a value that TOs disturbs in radial direction at least half of the PB during its propagation through the thermally disturbed fluid over the sample's surface, the BDS signal increases with the increase in Df. For the thermal diffusion length smaller than z0, the TOs does not disturb the PB enough to cause an increase in BDS enhancement with increase of fluid's thermal diffusivity, thus a drop of BDS signal is observed ( figure 8 ).
It means, that by immersing examined sample in a fluid, that is characterized by high refractive index change with respect to temperature, low thermal conductivity and thermal diffusivity, as well as such range of f that ensures μ th larger than displacement of PB from the sample's surface, the BDS signal enhancement of the system can be improved.
It is seen from the above results, that it is a complex problem to choose the proper geometrical configuration as well as fluid in which the detection is performed to enhance the sensitivity of photothermal beam deflection measurements. BDS enhancement increases with increasing dn/dT and with decreasing thermal conductivity because heat is accumulated in a smaller area with higher temperature. For example, dn/dT of air is 3 orders lower than that of Eth. But the thermal con-ductivity of air is 7 times lower than that of Eth. Furthermore, the BDS signal behavior strongly depends also on the geo-metrical parameters (as the radius of PB in the region of its interaction with ThWs) of the experimental setup and this dependence is influenced by the properties of fluid in which the detection is performed. Thus, a compromise must be found, what cannot be an easy task.
Experiment
Materials and method
The sample was in a form of 480 µm thick, free standing polycrystalline CuFeInTe3 flat film, synthesized by a meltingannealing-sintering process [15] and obtained from the Center for Semiconductors Research, Venezuela in a form ready to use without any further treatment or preparation. Additionally, a commercial silicon sample of well-known thermal proper-ties was used for calibration purposes. 
Experimental setup
Experiments were performed to verify the theoretical considerations and to determine the thermal properties of exam-ined sample for PB propagation in two different fluids for the optimized configuration of the experimental setup ( figure 9) .
A continuous He-Ne laser with a wavelength of 632.8 nm 35 mW output power (MELLES GRIOT, Model 25-LHP-928-230) was used as excitation light source. The excitation beam output was modulated by a mechanical chopper (Scitec Instruments, 300CD) and controlled by a lock-in amplifier (Stanford research instruments, Model SR830 DSP). The PB was a 543.5 nm (2 mW power) He-Ne laser (MELLES GRIOT, Model 25-LGR-393-230). A quadrant photodiode (RBM-R Braumann GmbH, Model C30846E) was used as detector of the amplitude and phase of BDS signal. The output of the photodiode was fed into the input of a lock-in amplifier. To minimize the undesired influence of other light sources on detected signal, as scattering of the excitation beam, an interference filter (Edmund Optics) was placed before the quadrant photodiode. A further consideration was to ensure a much smaller PB spot waist size than that of EB. For this reason, the PB was focused by a lens of 40 mm focal length (Edmund Optics) to form a spot of about 39 µm radius in the region of its interaction with TOs determined by a beam ana-lyzer Thorlabs beam 6.0, whereas the EB was focused on the surface of the sample to a diameter of about 2 mm by a lens of 100 mm focal length (Edmund Optics).
The PB waist was carefully aligned close to the sample's surface at a distance of 40 µm. This distance was carefully determined by a probe beam normal offset dependence ver-sus the amplitude of the signal. A flat sample with small lat-eral dimension (3 × 3 mm) was put in a 1 × 1 cm 2 quartz cell 
Results and discussion
Optimization of sample-probe beam distance
In BDS technique, accurate knowledge of the distance between a sample and PB axis is usually critical for enhanc-ing the measured signal and determining the sample's proper-ties. Unfortunately, it is quite difficult to measure this distance exactly. Figure 10 shows the variation of signal amplitude with the distance between the sample's surfaces and PB axis at modulation frequency of 10 Hz for Si ( figure 10(a) ) and CuFeInTe3 sample ( figure 10(b) ). The spot of PB light is initially complete blocked by the sample, what corresponds to 0 µm position of the coordinate system, then the beam is being lifted up above the sample's surface. The BDS signal then increases reaching its maximum value, when the PB is not any more covered by the sample. The parameter defined as 'position' in figure 10 is equaled to the PB diameter and its value as determined as 79 µm. The further increase in its height over the sample's surface causes the exponential decreases in the BDS signal value. Due to that the sample position is fixed, where the BDS signal reaches its maximum.
The height z 0 of PB over the sample's surface, for which it is achieved, occurs for z 0 equaled the radius of PB in the region of its interaction with the field of ThWs and in our case is around 39 µm.
In our experiments the PB radius corresponding to the optimal high of it over the sample's surface and was also determined by the use of beam analyzer (Thorlabs BP209VIS) as 39 µm.
Determination of sample thermal diffusivity and conductivity
The validity of the method is tested by the use of a commercialy avaible silicon sample of well-known thermal properties. For this purpose measurements of BDS amplitude and phase dependence on modulation frequency of the excitation beam in the frequency range from 1.7 Hz to 3.6 kHz were performed (figure 11). The procedure of extracting the values of sample's thermal diffusivity and conductivity (Ds, ks) from the collected BDS signal is based on performing the least-squares fitting procedure of the theoretical curves (equations (3)- (7)) to the obtained experimental data. The details about this procedure can be found in the literature [18, 19] , whereas the details about the fitting accuracy in the section 4. CuFeInTe3 sample was about 480 µm, whereas the range of μth was from 450 µm to 30 µm for the analyzed frequency rage, which fulfills the mentioned condition.
In our experiment PB propagates and probes TOs in the fluid close to the sample's surface. In such a case the value of z 0 parameter must be small enough to ensure the PB's disturbance by TOs. This means, that it must be smaller or comparable to the value of thermal diffusion length in the medium in which PB propagates. The frequency range from 1.7 Hz to 3.6 kHz is related to the values of μ th from 140 µm to 3 µm for ACN and from 2030 µm to 45 µm for air as fluid of PB propagation. Figure 12 shows the results of BDS signal measurements for both cases. It is seen, that for the sample immersed in ACN the registered BDS signal at lowest frequencies is up to 200 times higher compared to signals achieved in air. These differences in signals' values decrease with increase in modulation frequency, reaching the same values for f = 2.3 kHz. At higher frequencies the signal is higher in air. The reason for this is the larger heat capacity of ACN liquid compared to that of air. Furthermore, with increase in f, the μth decreases. The thermal diffusivity of ACN is over 200 times lower than that of air. This causes the faster shortening of μth in this medium and faster drop in the signal. For f = 2.3 kHz μth = 10 µm and μth = 110 µm for ACN and air, respectively. Taking also into account the value of the height of PB over the sample and its radius, it was found that the thermal diffusion length in ACN is too short to disturb the PB over its entire radial dimension, whereas for air the PB is still disturbed completely. Thus, for modulation frequencies higher than 2.3 kHz the BDS signal for PB propagation in air is higher than for ACN, opposite to what we observed for f < 2.3 kHz. It means, that optimizing the system by immersing the examined sampled in liquid with low values of thermal parameters and large temperature coefficient of refractive index, enhances the BDS detection only for frequency range within which μth is sufficiently long to disturb the PB strongly enough to profit from fluid's thermo-optical parameters.
The determined values of thermal diffusivity and thermal conductivity for 480 µm thick CuFeInTe 3 were (0.048 ± in air, which were (0.056 ± 0.005) × 10 −4 m 2 s −1 and 4.8 ± Since a high correlation can exist even for a model that sys-0.4 W m −1 K −1 , respectively, it can be noticed that within the tematically differs from the experimental data, it was necesranges of determination uncertainty they are in good agreesary to examine the distribution of residuals (fitting deviation) ment. The value of thermal properties at room temperature, ( figure 13 ). A good model fit should yield residuals equally achieved in this study, are lower than that one observed for distributed along vertical axis and should be normally distribCuInTe2 since the inclusion of Fe atoms in the matrix lattice uted around zero with no systematic trends [23] . In case of causes scattering of phonons and thus diminishes the value of measurements in ACN the distribution of fitting deviations is the thermal properties [12] .
defined by mean value of around −0.01, whereas for the case of air by mean value of around 0.03 ( figure 13 ). This again
Uncertainty determination
suggests the better accuracy of the fitting in case of ACN comparing to air. The fitting accuracy of determined parameters (S Ds , S ks ) was This has a significant influence on the determination uncerestimated by calculating the square root of the covariance tainty of the described BDS method. The reason for this is matrix [23] :
that the absolute measurement uncertainty is the same for all SDs measuring points and is originating obviously from unstable response of the detector due to electrical noise and instability S P = Sks = cov(P) ; (19) of probe beam intensity, rather than from pump laser power where P is the fitted parameters matrix: fluctuations or convection effect that can be altered by the enhancement factor. This influences the uncertainty of deter- 
Conclusions
where N is the number of points in dataset.
In the work the effects of geometrical parameters of the J f denots the Jacobian matrix:
experimental setup, as well as the fluid's thermo-optical ∂f ( P′)
properties (dn/dT, Df, kf) on the sensitivity of the presented ∂Ds method applied for determination of thermal parameters of Jf = ∂f ( P′ ) ; (23) CuFeInTe3 was studied. Theoretical analysis was performed by the use of complex geometrical optics equations. It was ∂ks found, that it is a complex problem to choose the proper geowhere P′ is the fitted parameters matrix. metrical configuration to ensure the maximum BDS signal, Interestingly, the determination uncertainty is two times since it is also influenced by the properties of the sensing lower for the measurements in ACN. To find the reason for dif-fluid. Thus, further analysis was performed for two cases. ferences in determination uncertainty, the correlation between First of them deals with detection of TOs in air layer over the the BDS signals amplitude and modulation frequency of TOs sample surface, whereas in the second case, the examined was examined.
sample was immersed in ACN to enhance the BDS signal.
The increase in it is observed only for a limited modulation frequency range, within which the thermal diffusion length is long enough compared to displacement between the PB axis and sample's surface to ensure significant disturbance of PB. For higher f, this condition is not fulfilled anymore and lower BDS signal is observed compared to the case of BDS measurements in air. The determined values for detection in air and in ACN, agree well within the range of their measure-ment uncertainties, although the measurement uncertainty is two times lower for the measurements in ACN. The fitting process is better by using ACN because BDS signal varies quite a lot with modulation frequency and this result pro-vides more accurate thermal properties of the sample.
